It is well established that hypoxia causes excess accumulation of glutamate in developing neural tissues. This study aimed to elucidate the mechanism by which glutamate can cause retinal ganglion cell (RGC) death through the N-methyl-D-aspartate (NMDA) receptors (NR) in the developing retina. One-day-old Wistar rats were exposed to hypoxia for 2 hours and then killed at different time points. Normal age-matched rats were used as controls. NR1, NR2A-D, and NR3A messenger RNA and protein expression showed significant increases over control values, notably at early time points (3 hours to 7 days) after the hypoxic exposure, and immunoexpression of NR1, NR2A-D and NR3A on retinal ganglion cells (RGCs) was enhanced in hypoxic rats and this was confirmed in cultured hypoxic RGCs. Ca 2+ influx in cultured RGCs was increased after hypoxic exposure, and the intracellular Ca 2+ concentration was suppressed by MK-801. Mitochondrial permeability transition pore opening, mitochondrial/cytosolic cytochrome c, and cytosolic caspase-3 expression levels were significantly increased in the hypoxic RGCs. These increases were reversed by MK-801, suggesting that the NMDA receptor subunits in the retina respond rapidly to the hypoxia-induced glutamate overload that leads to the cascade of events that result in RGC death.
INTRODUCTION
Glutamate is expressed in the developing retina, suggesting that this excitatory amino acid plays a key role in early retinal function (1) . Glutamate acts via its ionotropic glutamate receptors kainate, >-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid, and N-methyl-D-aspartate (NMDA), which have been reported to be present in the embryonic retina (2Y5).
The NMDA receptors are composed of subunits NR1, NR2, and NR3 (6, 7) ; the combination of a glycine-binding NR1 subunit with a glutamate-binding NR2 and/or glycinebinding NR3 subunit makes a functional NMDA receptor (8, 9) . All NMDA receptor subunits are expressed in retinal ganglion cells (RGCs) in the developing retina beginning at embryonic D21 (10) . Electrophysiological studies have shown that in immature neurons excitatory synaptic transmission is mediated primarily by NMDA receptors (11) .
There is ample evidence suggesting that glutamate has both toxic and trophic effects during neuronal development (12, 13) . Indeed, in addition to acting as a neurotransmitter, it participates in developmental events such as cell differentiation, dendritic pruning, and refining synaptic connections (14) . A long-term low-level activation of NMDA receptors by glutamate has been suggested to protect both differentiated and progenitor retinal cells against cell death during development (15) , but excessive amounts of glutamate act as a potent excitotoxin (16, 17) . Hence, although glutamate coupled with its receptors is essential for early development of the retina, its excess release may be detrimental to the retinal neurons.
Hypoxia-ischemia affects the normal development and maturation of neural tissues in the fetal and neonatal period, and the developing retina, an extension of the brain, is highly sensitive to a reduced oxygen supply. We previously showed that hypoxia results in RGC death in the developing retina (18) , but the mechanisms underlying the hypoxia-induced cell death remained to be elucidated. In this regard, a putative candidate would be the excitatory amino acid, glutamate, which has been reported to accumulate in neural tissues in hypoxic injuries (19) . Therefore, we investigated the involvement of glutamate and various subtypes of NMDA receptors in RGC death in neonatal rats after a hypoxic exposure. To further ascertain if overactivation of NMDA receptors is linked to RGC death after hypoxic injury, we assessed intracellular calcium (Ca 2+ ) influx in the RGCs. Because increased intracellular Ca 2+ may also result in the opening of mitochondrial permeability transition pores (mPTPs) resulting in mitochondrial failure and cell death (20Y23), the mPTP opening in the hypoxic RGCs was also evaluated. Stimulation of the mPTP can release proteins normally localized in mitochondria into the cytosol such as cytochrome c (cyt-c), which can activate caspases and promote apoptosis (22) . Here, we report that hypoxia-induced RGC death in the developing retina was mediated by glutamate via activation of NMDA receptors and ensuing Ca 2+ influx, increase in mitochondrial/cytosolic cyt-c and caspase-3 (cas-3) expression. The effect of MK-801, a noncompetitive NMDA antagonist, on the above parameters was also investigated.
MATERIALS AND METHODS

Animals
One-day-old Wistar rats (n = 61) were exposed to hypoxia by placing them in a chamber (Model MCO 18M; Sanyo Biomedical Electrical Co, Tokyo, Japan) filled with a gas mixture of 5% O 2 and 95% N 2 for 2 hours. The rats were then allowed to recover under normoxic conditions for 3 hours, 24 hours, 3 days, 7 days, and 14 days before death; another group of 61 rats kept outside the chamber was used as agematched controls. In addition, 56 (6-to 8-day-old) rats were used for the preparation of primary culture of RGCs. This study was approved by the Institutional Animal Care and Use Committee of National University of Singapore.
Preparation of Retinal Suspensions
The retina derived from 6-to 8-day-old Wistar rats was incubated at 37-C for 30 minutes in a papain solution (15 U/ml) and collagenase (70 U/ml) in Eagle balanced salt solution containing bovine serum albumin (BSA, 0.2 mg/ml; SigmaAldrich, St Louis, MO), and DL-cysteine (0.2 mg/ml). The tissue was then triturated sequentially through a narrow-bore Pasteur pipette in a solution containing 2 ng/ml ovomucoid, 0.004% DNase I, and 1 mg/ml BSA to obtain a single-cell suspension. After centrifugation at 800 rpm for 5 minutes, the cells were rewashed in another ovomucoid-BSA solution (10 mg/ml of each); after further centrifugation, the cells were resuspended in 0.1% BSA in phosphate-buffered saline (PBS).
Preparation of Panning Tubes
Flasks (25cm 2 ) were incubated with 2.5 ml of PBS with OX-42 antibody (1:50; Harlan Sera-Lab Ltd., Edinburgh, UK) at 4-C overnight. Corning polypropylene tubes (50 ml) were incubated with 3 ml of PBS with Thy-1 antibody (1:200; Santa Cruz Biotechnology, Inc, Santa Cruz, CA). The flasks and tubes were washed twice with 3 ml of PBS. To prevent nonspecific binding of cells to the panning flasks and tubes, 3 to 4 ml of PBS with 0.1% BSA was placed on the coating area.
Panning Procedure
The retinal suspension was incubated in the OX-42Y coated flasks at room temperature for 30 minutes. The suspension was gently shaken every 10 minutes to ensure access of all cells to the surface of the coating area. Nonadherent cells were removed and placed in the Thy-1Ycoated tubes. The cells were incubated for 30 minutes, and the tubes were then washed gently 5 times with 3 ml of PBS. Finally, adherent cells on Thy-1Ycoated tubes were washed with culture medium (described below); after centrifugation at 800 rpm for 5 minutes, the supernatant was discarded carefully, and the cells were seeded on to 12-mm glass coverslips that had been coated with poly-L-lysine (50 Kg/ml; Sigma-Aldrich). The purity of the RGCs in cultures was determined by staining with the antibody Thy-1, a specific RGC marker. The percentage of RGCs in the cultures was approximately 90%.
Culture of Purified RGCs
Purified RGCs were plated at a low density of approximately 500 to 2000 cells/well and were cultured in 400 Kl of a serum-free neurobasal medium containing glutamine (1 mmol/L; Sigma-Aldrich), gentamicin (10 Kl/ml; Invitrogen Life Technologies, Carlsbad, CA), B27 supplement (1:50; Invitrogen), brain-derived neurotrophic factor (50 ng/ml; Sigma-Aldrich), ciliary neurotrophic factor (50 ng/ml; SigmaAldrich), and forskolin (10 Kmol/L; Sigma-Aldrich). Cultures were maintained at 37-C in a humidified atmosphere containing 5% CO 2 and 95% air.
To study the effects of hypoxia on expression of NR1, NR2A, NR2B, NR2C, NR2D, and NR3A, intracellular Ca 2+ , and mPTP opening in RGCs, the cells were exposed to hypoxia as described above for 2 and 4 hours at 3% O 2 , 5% CO 2 , and 92% N 2 at 37-C. In all experiments, control RGCs were incubated in an incubator at 37-C with 95% air and 5% CO 2 . In another set of control and hypoxic RGCs, serum-free medium containing 10 Kmol/L of MK-801 (Sigma-Aldrich) was added to each well for 1 hour as described (24) . Cell death was investigated by cas-3 labeling in various groups.
Glutamate Assay
The amount of glutamate released in the retina of hypoxic and control rats and in cultured RGCs was determined using L-glutamate Assay BioAssay kit (US Biological, Swampscott, MA), according to the manufacturer's instructions.
Real-Time Reverse TranscriptionYPolymerase Chain Reaction
Both retinas were removed from 5 hypoxic and 5 control rats at each time point. Total RNA was extracted from the retinal tissue and the cultured RGCs using RNeasy mini kit (Qiagen, Valencia, CA), according to the manufacturer's protocol. The amount of total RNA was quantified with a Biophotometer (Eppendorf, San Jose, CA).
For reverse transcription (RT), 2 Kg of total RNA was combined with 1 Kmol/L of oligo(dT) 15 primer (Invitrogen). The mixture was heated at 70-C for 5 minutes and then placed on ice. Single-strand complementary DNA was synthesized from the RNA by adding the following reagents (final concentrations): first-strand buffer, 1 U/Kl RNAsin, 25 Kmol/L of each dNTP, and 200 U of M-MLV reverse transcriptase (Promega, Madison, WI). The reaction mixture (20 Kl) was incubated at 42-C for 50 minutes and heating the mixture to 95-C for 5 minutes terminated the reaction. The samples were stored at j20-C for polymerase chain reaction (PCR) analysis. Quantitative RT-PCR was carried out on a Light Cycler 2 instrument using a FastStart DNA Master plus SYBR Green I kit (Roche Diagnostics GmbH, Roche Applied Science, Mannheim, Germany), according to the manufacturer's instructions. The amplified PCR products were separated on a 1.5% agarose gel stained with ethidium bromide, and the specificity of target primers was confirmed (Syngene; Chemi Genius 2 Bio Imaging System, Cambridge, UK). The expression of target genes was measured in triplicate and was normalized to A-actin as an internal control. Forward and reverse primer sequences for each gene and their corresponding amplicon size are provided in the Table. Gene expression was quantified using a modification of the 2 j$$Ct method, as previously described (25) .
Preparation of Mitochondria and Cytosolic Fractions in RGCs
Mitochondria and cytosolic fractions in the RGCs of control, hypoxia, and hypoxia + MK-801 groups were isolated using a Mitochondria/Cytosol Fractionation Kit (Pierce Biotechnology, Rockford, IL), according to the manufacturer's protocol. Briefly, the cells were washed twice with PBS and transferred into microcentrifuge tubes. Isolation reagent A (800 Kl) was added and vortexed at medium speed for 5 seconds and incubated on ice for 2 minutes. After incubation, 10 Kl of isolation reagent B was added, and the tubes were vortexed at maximum speed for 5 seconds followed by incubation on ice for 5 minutes. Then, 800 Kl of isolation Reagent C was added and centrifuged at 700g for 10 minutes at 4-C. The supernatant was then transferred into new tubes and centrifuged at 12,000g for 15 minutes at 4-C. The pellets were washed again with Reagent C and centrifuged at 12,000g for 5 minutes. The isolated mitochondria/cytosolic fractions were used for Western blot analysis.
Western Blotting
Both retinas were removed from hypoxic and control rats (n = 5 each at each time point). Protein was extracted from the retinas and the cultured RGCs with a specific protein extraction reagent (Pierce) containing protease inhibitors. Release of cyt-c and activation of cas-3 was quantified by Western blot analysis by measuring the expression of cyt-c in mitochondrial/cytosolic fractions and cas-3 in cytosolic fractions of RGCs. Protein concentrations were determined by the Bradford method (26) using BSA (Sigma-Aldrich) as a standard. Samples of supernatants containing 20 Kg of protein were heated to 95-C for 5 minutes and were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis in 10% and 15% gels, in a Mini-Proteon 3 apparatus (Bio-Rad, Hercules, CA). Protein bands were electroblotted onto 0.45-Km polyvinylidene fluoride (PVDF) membrane (Bio-Rad) and then incubated with dilution of the polyclonal anti-rabbit NR1/NR2A-D/NR3A/cyt-c (1:1000; Santa Cruz Biotechnology) and cas-3 (1:500; Cell Signaling Technology, Inc, Beverly, MA) antibodies in blocking solution overnight at 4-C. After washing 3 times, the PVDF membranes were incubated with the secondary antibody, horseradish peroxidaseYconjugated anti-rabbit IgG (1:5000; Pierce). Specific binding was revealed by an enhanced chemiluminescence kit (Pierce) following the manufacturer's instructions. For load control, after intensive washing, the PVDF membranes were incubated with monoclonal mouse antiYA-actin (1:5000; Sigma-Aldrich). Radiographs (Pierce) were scanned with a computer-assisted G-710 densitometer (Bio-Rad) to quantify band optical density using Quantity One version 4.1 software (Bio-Rad).
Intracellular Ca 2+ Measurement
The intracellular Ca 2+ in the RGCs of control, control + MK-801, hypoxia, and hypoxia + MK-801 samples was determined using Fura-2/AM. Briefly, RGC culture medium was removed, and the cells were washed twice with PBS. ) was added to the cells followed by incubation with Fura-2/AM dissolved in 1 mg/ml dimethyl sulfoxide (DMSO; SigmaAldrich) at 37-C for 1 hour. After several washes with HEPES buffer, the cells were incubated with the same buffer for 30 minutes. Ca 2+ was measured at 380 and 340 nm, and the 380/ 340 ratio was calculated using MetaMorph (version 7.1.2.0) software (Molecular Devices, Downingtown, PA).
Mitochondrial Permeability Transition Pore Assay
The mPTP assay in the RGCs of control, control + MK-801, hypoxia, and hypoxia + MK-801 groups was determined using MitoProbe Transition Pore assay kit (Molecular Probes, Inc, Eugene, OR) according to the manufacturer's protocol. Briefly, RGC culture medium was removed, and cells were washed twice with PBS. The cells were resuspended in prewarmed Hank's balanced salt solution/Ca2+ at a final concentration of 1 Â 10 6 cells/ml followed by incubation with calcein AM, CoCl 2 , and ionomycin dissolved in DMSO at 37-C for 15 minutes in the dark. After incubation, the fluorescence intensity was immediately measured with a flow cytometer with excitation at 494 nm and emission at 517 nm (CyAn ADP; DakoCytomation, Glostrup, Denmark). Mitochondrial permeability transition pore opening detected wasconsidered to be directly proportional to the fluorescence intensity.
Double Immunofluorescence
Postnatal 1-day-old rats at 3 hours after hypoxic exposure and their corresponding controls (n = 5 in each group) were used for double immunofluorescence studies. After deep anesthesia with 6% pentobarbital, the rats were killed by perfusion with 2% paraformaldehyde in 0.1 mol/L phosphate buffer, pH 7.4. Frozen coronal sections of the retina at 40-Km thickness were cut with a cryostat (Model 3050; Leica Instruments GmbH, Wetzlar, Germany) and rinsed in PBS. Endogenous peroxidase activity was blocked with 0.3% hydrogen peroxide in methanol for 30 minutes, and the sections were subsequently washed with PBS. Sections were then incubated at room temperature with a cocktail mix of 2 primary antibodies: NR1/NR2A-D/NR3A (1:200; Santa Cruz Biotechnology) and NeuN (1:200; Millipore, Billerica, MA), the latter being a specific marker for RGCs (27) . Subsequent antibody detection was carried out with a mix of Cy3-conjugated goat antirabbit IgG and FITC-conjugated sheep anti-mouse IgG (1:100; Sigma-Aldrich). After 3 washes with PBS, the sections were mounted with a fluorescent mounting medium (DakoCytomation). Colocalization of NR1/NR2A-D/NR3A with NeuN was observed under a confocal microscope (Olympus; FV 1000 Olympus Optical Co, Tokyo, Japan). The isotype control confirmed the specificity of all primary antibodies used (data not shown).
Purified RGCs were fixed in 4% paraformaldehyde in 0.1 mol/L phosphate buffer, pH 7.4 for 20 minutes, and blocked with 3% normal goat serum and 1% BSA for 30 minutes. The cells were then incubated overnight at 4-C with a mixture of 2 primary antibodies against NR1/NR2A-D/NR3A with the RGC marker microtubule-associated protein 2 (MAP-2) separately. Subsequent antibody detection was carried out with a mix of Cy3-conjugated goat anti-rabbit IgG and FITCconjugated sheep anti-mouse IgG (1:100). After 3 washes with PBS, the coverslips were mounted with a fluorescent mounting medium (DakoCytomation). Colocalization of NR1/NR2A-D/NR3A with MAP-2 was observed under confocal microscopy.
For detection of apoptosis, RGCs were incubated at 4-C with a cocktail mix of the apoptosis marker antiYcas-3 (1:200; Cell Signaling Technology) and MAP-2 (1:200; Santa Cruz Biotechnology). Subsequent antibody detection was carried out as above. The number of cas-3Ypositive RGCs was obtained by counting cells in 6 randomly selected microscopic fields obtained from each coverslip at Â40 objective. Percentages of cas-3Ypositive RGCs were calculated and averaged.
Statistical Analysis
For RT-PCR, Western blots, glutamate and mPTP assay, and Ca 2+ measurement, data are reported as mean T SD and analyzed by one-way analysis of variance followed by post hoc analysis using Dunnett test (SPSS version 15.0 software, Chicago, IL) to determine the statistical significance of differences between normal and hypoxic and between hypoxic and hypoxia + MK-801 groups. A value of p G 0.01 (*) was considered significant.
RESULTS
Glutamate Assay
Glutamate concentrations in the retina were significantly increased in hypoxic rats at 3 hours after hypoxic exposure and progressively increased up to 7 days when compared with controls (Fig. 1A) . There was no significant difference in the glutamate concentration level between the hypoxic rats and corresponding controls at 14 days. A similar phenomenon was observed in the cultured RGCs in which glutamate levels were increased versus controls when the cells were subjected to hypoxia (Fig. 1B) .
NR1, NR2A-D, and NR3A Messenger RNA Expression in the Retina
There were 4 distinct patterns of change in the messenger RNA (mRNA) expression of NMDA receptor subunits. RT-PCR findings showed that expression of NR1 mRNA in the retinal tissue was increased significantly at 3 hours, 24 hours, and 3 days after the hypoxic exposure; it was significantly decreased at 7 and 14 days when compared with the matching controls (Fig. 1C ). NR2A and NR2D mRNA expression was increased significantly at 3 hours, 24 hours, 3 days, and 7 days, and it returned to normal level at 14 days after hypoxic exposure (Figs. 1D, G) . Expression of NR2B mRNA was increased at 3 hours but declined significantly at 3, 7, and 14 days. There was no significant change at 24 hours after hypoxic exposure (Fig. 1E) . A significant increase in the expression level of in the NR2C and NR3A mRNA was observed at 3 and 24 hours after hypoxic exposure (Figs. 1F,  H) ; however, the level was significantly decreased at 3 and 7 days after the hypoxic exposure versus corresponding control rats. There was no significant change at 14 days after the hypoxic exposure.
NR1, NR2A-D, and NR3A Protein Expression in the Retina
The general pattern of changes in protein expression of the respective NMDA receptor subunits in the hypoxic retina followed that of the mRNA. By Western blot analysis, the immunoreactive bands of NR1, NR2A-D, and NR3A protein were detected at approximately 115, 177, 178, 135, 165, and 135 kDa, respectively ( Fig. 2A) . NR1 protein expression level was increased significantly at 3 hours, 24 hours, and 3 days after hypoxic exposure (Fig. 2B ), but declined significantly at 7 and 14 days versus the corresponding controls (Fig. 2B ). NR2A and NR2D protein expression showed a significant increase at 3 hours, 24 hours, 3 days, and 7 days after hypoxic exposure, but there was no significant change at 14 days (Figs. 2C, F) . NR2B protein was increased at 3 hours but was significantly decreased at subsequent time points (Fig.2D) ; the difference was not significant at 7 days. NR2C protein expression was increased significantly at 3 and 24 hours followed by a significant decrease at 3 and 7 days versus corresponding controls; at 14 days, the expression level was comparable between the hypoxic and control groups (Fig. 2E) . NR3A was increased significantly at 3 and 24 hours; it was significantly decreased at 3 and 7 days versus corresponding controls (Fig. 2G) . At 14 days, the expression levels were comparable.
Cellular Localization of NR1, NR2A-D, and NR3A Expression in the Retina
Expression of NR1, NR2A-D, and NR3A was localized in the RGCs by double immunofluorescence showing colocalization of NR1, NR2A-D, and NR3A with NeuN (Figs. 3AYC  and 4AYC ). At 3 hours after hypoxic exposure, immunoreactivity for NR1 (Fig. 3AdYf ), NR2A (Fig. 3BdYf ) , NR2B (Fig. 3CdYf ), NR2C (Fig. 4AdYf ), NR2D (Fig. 4BdYf ) , and NR3A (Fig. 4CdYf ) was significantly enhanced in the RGCs versus that in the control rats (Figs. 3AaYc, BaYc, CaYc and 4AaYc, BaYc, CaYc).
NR1, NR2A-D, and NR3A mRNA and Protein Expression in RGCs
Reverse transcriptionYPCR analysis of cultured RGCs showed a significant increase in NR1, NR2A-D, and NR3A mRNA expression level at 2 and 4 hours after hypoxic exposure versus control cells (Figs. 5AYF) . The increase was more than 50% at 4 hours for all subunits.
Western blot analysis showed the immunoreactive bands of NR1, NR2A-D, and NR3A protein at 115, 177, 178, 135, 165, and 135 kDa, respectively, in the RGCs (Fig. 6A) . The protein expression levels for subunits were increased significantly at 4 hours after hypoxic exposure versus controls, but there was no significant difference in the protein expression levels of NR1 and NR2C at 2 hours (Figs. 6BYG) . 
Intracellular Ca 2+ and Mitochondrial Permeability Transition Pore Opening Measurements
Both intracellular Ca 2+ and mPTP opening were significantly increased after exposure to hypoxia when compared with control levels (Figs. 9A, B) . When hypoxic RGCs were treated with MK-801, the levels of intracellular Ca 2+ and mPTP opening were suppressed. There was no significant difference in Ca 2+ levels and mPTP opening in the normoxic control cells when treated with MK-801 in comparison to the untreated control cells (Figs. 9A, B) .
Mitochondrial/Cytosolic Cytochrome c and Cytosolic Caspase-3 Expression in RGC Cultures
The immunoreactive band of cyt-c protein at 15 kDa was detected by Western blotting in the mitochondria and cytosolic fractions of RGCs in culture. The cas-3 protein was detected at 17 kDa in the cytosolic fractions of RGCs (Fig. 10A) . Both cyt-c and cas-3 protein expression levels were increased significantly after hypoxic exposure versus controls (Figs. 10BYD) . When RGCs were treated with MK-801 after hypoxic exposure, the cyt-c and cas-3 expression levels were significantly decreased (Figs. 10BYD) .
Apoptosis of RGCs
Occasional MAP-2-immunoreactive RGCs in the control group were labeled by cas-3 (Figs. 11AaYAc) . After hypoxic exposure, many of the MAP-2-immunoreactive cells showed cas-3 labeling (Figs. 11AdYAf ) . Microtubule-associated protein 2Yimmunoreactive cells subjected to hypoxia and treated with MK-801 showed markedly reduced cas-3 labeling (Figs. 11AgYAi) . Results of cell counting showed that the frequency of MAP-2/ cas-3Ypositive cells after hypoxic exposure was significantly higher than in the corresponding controls; however, it was decreased in hypoxia + MK-801 cells (Fig. 11B) .
DISCUSSION
We previously reported that hypoxic injuries of neural tissues result in an increased accumulation of glutamate in the extracellular spaces (19) . This study has confirmed a similar phenomenon in the hypoxic retina in neonatal rats. Excess extracellular release of glutamate is known to kill neurons by excitotoxic mechanisms through activation of glutamate receptors, particularly NMDA receptors. It is well established that excitotoxicity is one of the major mechanisms resulting in cell death in the brain and the retina in several types of injuries. Excitotoxic neuronal death involves Ca 2+ influx into the cells (28) . In vitro studies using chick RGCs have shown that stimulation of glutamate receptors causes Ca 2+ influx through NMDA receptorYassociated channels and subsequent cell death. In the developing retina, glutamate affects the ganglion cell layer and also causes necrosis of cells in the inner retina (16) . A number of intracellular mechanisms such as mitochondrial dysfunction and neuronal nitric oxide synthase generation are activated by increased intracellular Ca 2+ , leading to neuronal death (29, 30) . To the best of our knowledge, this is the first study to investigate the proapoptotic role of NMDA receptors in the death of RGCs after hypoxic injury in neonates.
expression of NR1, NR2A-D, and NR3A in RGCs was observed as early as 3 hours after the exposure, suggesting that the response has an acute onset. Expression of NR1 remained elevated up to 3 days, whereas that of NR2A and NR2D was elevated up to 7 days after the insult. This suggests that the response of these subunits of NMDA receptor is not only acute but may also be sustained, thereby causing various changes. The present in vitro results confirmed upregulation of all NMDA receptor subunits in the RGCs subjected to hypoxia. NR1 has been regarded as a fundamental subunit of the NMDA receptor and is necessary for the receptor function, whereas NR2A-D subunits modulate the receptor function (32, 33) . Because all subunits are responsive to hypoxia, they all likely participate actively in the observed changes in the hypoxic RGCs.
It has been suggested that activation of NR1/NR2B subunits of NMDA receptors in immature neurons confers excitotoxic potential that initiates apoptotic signaling cascades and promotes neuronal death (34) . Although selective activation of NR2A-containing NMDA receptors have been thought to stimulate prosurvival signaling in some neurons (34) , they also play a major role in enhanced excitotoxicity (35) . In ischemic lesions of the hippocampus in rats, increased vulnerability of neurons to excitotoxicity was reported with increases in NR2A and NR1 but not NR2B subunit expression (36) . Brain injury volume was found to be reduced significantly in mice deficient in NR2A subunit (37) . Another study conducted on primary hippocampal neurons suggested that the NR2A subunit plays a more prominent role in mediating the increase in neuronal vulnerability than NR2B (38) . Recently, it was shown that in developing hippocampal neurons, NR2B receptors are able to mediate both survival and death signaling (39) . On the basis of the results of various studies done so far, it seems that the roles of NR2A and NR2B in mediating neuronal survival and death remain inconclusive.
The roles of NR2C and NR2D also remain to be clarified. NR2C receptors have been implicated in delayed cell death in hypoxic-ischemic lesions (40) , whereas NR2D receptor mRNA (41) and protein (42, 43) were reported to be highly expressed in developing brains, suggesting that they may have an important role in brain development.
NR3A expression has been reported to be low during gestation, increasing soon after birth in certain regions of the brain such as the prefrontal cortex. NR3A receptors are thought to limit Ca 2+ influx and provide neuroprotection during development by attenuating Ca 2+ -mediated excitotoxicity (44, 45) . In the retina, NR3A expression in the first postnatal week has been reported to be localized predominantly in RGCs (5) . It has been shown to attenuate the NMDA-induced increase in intracellular Ca 2+ in the retina and many parts of the brain (5, 46) . On the other hand, high levels of NR3A expression have been reported to result in cell death associated with high glutamate levels in the white matter in ischemic conditions (47) .
Transfection of cloned NMDA receptors into different cell lines has confirmed their crucial roles in excitotoxicity (48Y50). The NR2 subunit has been considered to be a mediator of excitotoxicity; NR1/NR2A and NR1/NR2B receptors play a major role in cell death, whereas much lower levels of cell death occur through NR1/NR2C or NR1/NR2D receptors (50) .
Activation of NMDA receptors leading to increased Ca 2+ influx in neurons has been shown to modulate neuronal activity and is implicated in neuronal death (51Y55). The entry of Ca 2+ through this receptor has been considered to be extremely efficient in triggering cell death in the retina (56) . NR2A/NR2B shows the highest Ca 2+ permeability, whereas NR2C and NR3 show low Ca 2+ permeability (57) . The present results have shown increased Ca 2+ influx in the hypoxic RGCs along with their augmented apoptosis. MK-801 significantly reduced hypoxia-induced Ca 2+ influx in RGCs, suggesting that hypoxia-mediated Ca 2+ influx occurred through NMDA receptors. However, the roles of the individual NMDA receptor subunits remain to be elucidated.
Increased intracellular Ca 2+ influx is known to trigger several mechanisms such as mitochondrial dysfunction and increased nitric oxide production that may lead to cell death. When intracellular Ca 2+ is increased, mitochondria accumulate Ca 2+ , which is an early event in excitotoxic neuronal death (23) . Mitochondrial Ca 2+ overload can cause opening of mPTPs, resulting in massive swelling of the mitochondria and release of apoptotic mediators such as cyt-c (28, 58, 59) . Extremely swollen mitochondria were observed in the RGCs in retina of the hypoxic neonatal rats in our earlier study (18) . In the present study, mPTP opening was significantly increased in the mitochondria of hypoxic RGCs. Moreover, mPTP opening was attenuated when hypoxic RGCs were treated with MK-801, suggesting that the NMDA receptor activation was responsible for increase in mPTP opening due to increased intracellular Ca 2+ . Mitochondrial permeability transition pore opening results in disruption of the outer membrane of the mitochondria and release of different apoptogenic factors into the cytosol (60) . One of these factors, cyt-c subsequently evokes activation of caspases resulting in apoptosis. Because hypoxia-induced increased expression of RGC mitochondrial/cytosolic cyt-c and cytosolic cas-3 was prevented by MK-801, it likely had protective effects against their hypoxia-induced apoptosis.
In conclusion, the present results indicate that NR1, NR2A-D, and NR3 subunits of the NMDA receptor in RGCs in the developing retina respond drastically to hypoxia. The expression of all the receptor subunits was significantly increased at early time points and was maintained at an elevated level until 3 to 7 days after hypoxic exposure. This was coupled with increased intracellular Ca 2+ influx, mPTP opening, cyt-c, and cas-3. Treatment of the RGCs with MK-801 significantly attenuated the intracellular Ca
2+
, mPTP opening, cyt-c, and cas-3 in the hypoxic RGCs. Taken together, these results suggest that activation of the different subunits of NMDA receptors in the developing retina after a hypoxic exposure promotes RGC death. Because hypoxia is known to play a critical role in the genesis of retinopathy of prematurity, RGC death induced by the above factors would be a key explanation for the persisting visual loss in the absence of clinically detectable pathology in the central retina in that condition.
